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ABSTRACT
Hybrids of RNA with arabinonucleic acids 2 0 F-ANA and ANA have very similar structures but strikingly different thermal stabilities. We now present a thorough study combining NMR and other biophysical methods together with state-of-the-art theoretical calculations on a fully modified 10-mer hybrid duplex. Comparison between the solution structure of 2 0 F-ANARNA and ANARNA hybrids indicates that the increased binding affinity of 2 0 F-ANA is related to several subtle differences, most importantly a favorable pseudohydrogen bond (2 0 F-purine H8) which contrasts with unfavorable 2 0 -OH-nucleobase steric interactions in the case of ANA. While both 2 0 F-ANA and ANA strands maintained conformations in the southern/eastern sugar pucker range, the 2 0 F-ANA strand's structure was more compatible with the A-like structure of a hybrid duplex. No dramatic differences are found in terms of relative hydration for the two hybrids, but the ANARNA duplex showed lower uptake of counterions than its 2 0 F-ANARNA counterpart. Finally, while the two hybrid duplexes are of similar rigidities, 2 0 F-ANA single strands may be more suitably preorganized for duplex formation. Thus the dramatically increased stability of 2 0 F-ANARNA and ANARNA duplexes is caused by differences in at least four areas, of which structure and pseudohydrogen bonding are the most important.
INTRODUCTION
The arabinonucleic acids ANA and 2 0 F-ANA are very close cousins. Where ANA contains a hydroxyl group, 2 0 F-ANA contains fluorine ( Figure 1A ). The most extensive structural studies of ANARNA and 2 0 F-ANARNA duplexes to date, performed on short hairpins with modified stems, observed no major conformational differences between them-neither in sugar pucker nor hydrogen bonding nor steric effects (1, 2) . ANA and 2 0 F-ANA hybrid duplexes with RNA display structure and flexibility patterns that make them effective mimics of the DNARNA hybrid, even in terms of RNase H degradation (3) (4) (5) . And so it is a puzzle that their binding affinities are strikingly different: ANA has relatively low affinity for RNA (7) , while 2 0 F-ANA binds to RNA with high affinity (8) . Because of this high binding affinity, and many other favorable properties, 2 0 F-ANA has shown promise for applications as diverse as gene silencing therapeutics, diagnostics and aptamer design (9) and a 2 0 F-ANA-based antisense drug has received approval to begin clinical trials (10) . The elusive origin of the difference in binding affinity is therefore of significant interest: it will deepen our understanding of nucleic acid structure and binding while potentially allowing the design of derivatives with improved properties.
Initially, it was supposed that an unfavorable steric interaction involving the 2 0 -OH of ANA was responsible for its low binding affinity (3, 7, 8) . Other studies have suggested that there could be a major difference in sugar pucker or hydrogen bonding between the two analogues (11, 12) . However, these structural explanations were deemed unlikely based on the most significant structural studies of ANARNA and 2 0 F-ANARNA duplexes to date: high-resolution NMR studies that examined short hairpins containing a 4-bp hybrid stem and a 4-nt DNA loop (1, 2) . No major structural differences between ANA and 2 0 F-ANA were observed during this study, and the authors suggested differential hydration as a possible explanation for the greater stability of 2 0 F-ANARNA duplexes. However, we wondered if subtle differences might have been overlooked in the hairpin-based structural studies: while use of hairpins was convenient, the model contained only four hybrid base pairs, two of which might be affected by their proximity to the loop structure or the terminus.
Therefore, to gain further insight on 2 0 F-ANA and ANA substitution in hybrid duplexes, we decided to carry out a combined biophysical and computational study of the decamer shown in Figure 1B . This allowed us to study flexibility, hydration and ion uptake together with structure and conformation, bringing together spectroscopic and computational data. The structure of the unmodified DNARNA duplex has been extensively studied by NMR and restrained molecular dynamics calculations, using conventional and time averaged constraints (13) . This duplex is ideal for studying the origin of the difference in thermal stability between ANARNA and 2 0 F-ANARNA because it is representative of prototypical hybrids and because the difference in T m values is nearly 18 C (1.8 C per base pair). We also verified that the duplex is a substrate of RNase H (Supplementary Figure S1) to ensure the highest applicability of the current study to the field of antisense therapeutics.
MATERIALS AND METHODS

Oligonucleotide synthesis and purification
Oligonucleotides were synthesized from phosphoramidite precursors using standard solid-phase methods. All masses were verified by ESI-MS. Purification of oligonucleotides was carried out using denaturing PAGE and ion-pairing HPLC. Small triethylammonium signals were visible in the NMR spectra from the ion-pairing reagent but did not interfere with an important region of the NMR spectrum.
UV melting and derivation of thermodynamic parameters
All UV spectroscopy was carried out in a Cary 300 or Cary 5000 UV spectrophotometer (Varian). Samples were kept under flowing nitrogen when below 15 C. Except where indicated, duplex concentration was 2 mM (4 mM total concentration of strands). For most of the T m experiments, lower-melting samples DR, AR and DD were heated from 2 C to 60 C, while higher-melting samples FR and RR were heated from 15 C to at least 70 C. In this way, the spectra contained clear baseline regions while making the best use of spectrophotometer time.
Assignment of baselines was very clear in most cases. Curves with flaws in the baseline were discarded without analysis. For the lower-melting samples at low salt concentrations, baselines were of necessity short and somewhat ambiguous, and we chose a lower baseline that was parallel to the long upper baseline for the sake of consistency. For other curves, if there was ambiguity about the lower baseline, we chose the lowest linear region or in severe cases, discarded the run. We repeated the baseline analysis on a random sampling of 36 spectra including all duplexes, and found that the reanalyzed T m values differed from the original values by 0.05 C on average. The standard deviation of the differences was 0.13 C, and this larger number was added as an additional uncertainty in the T m values, and propagated through all subsequent calculations.
UV-based T m experiments were carried out in phosphate (140 mM KCl, 5 mM Na 2 HPO 4 , 1 mM MgCl 2 , pH 7.2) or cacodylate (10 mM NaC 2 H 6 AsO 2 , 300 mM NaCl, 0.1 mM EDTA, pH 7.2) buffers. The T m values of the five duplexes were essentially identical in these two buffers. The thermodynamic parameters of the melting of these duplexes were derived in two ways. A van't Hoff plot, ln(K) versus 1/T m , can be used to determine ÁH and ÁS, according to the equation (14) . Since the equilibrium constant K can be written in terms of the mole fraction of duplex, a, it is straightforward to calculate the value of K at the T m where a = 0.5. This calculation was carried out within Numbering scheme of the 10-mer hybrid duplexes used for this study. X indicates the DNA, 2 0 F-ANA or ANA strand. The corresponding hybrids are named DR, FR and AR, respectively. Thymines are replaced by uracils in the ANA strand. (Use of T instead of U does explain some of the increased duplex stability of the 2 0 F-ANA-containing hybrid. However, comparison of 2 0 F-ANA and ANA-containing hybrids where neither strand includes T/U and studies where both 2 0 F-ANA and ANA contained T confirm that the 2 0 F-ANA-containing hybrids are still significantly more stable than their ANA-containing counterparts.) (6, 7) .
the Cary software provided with the UV spectrophotometer. This method is quite vulnerable to the choice of baseline, and an alternative method of calculating ÁH was also used which relies on the concentration dependence of the T m . Starting with the well-known equation -RT[ln(K)] = ÁH -TDS , for a non-self-complementary bimolecular equilibrium, this equation can be expanded and rearranged to give the following:
], where C T represents the total strand concentration. Thus, a plot of 1/T m versus ln(C T ) is linear with slope R/ÁH (14) . This plot is shown in Supplementary Figure S2 . Both methods of calculating ÁH agreed within experimental error.
Ion uptake experiments
We studied the melting behavior of the duplexes in buffers containing 20-500 mM Na + , 20-500 mM K + and 5-50 mM Mg 2+ by UV spectroscopy as described above. For sodium buffers, 100 mM Na 2 HPO 4 was adjusted to pH 7.2 using H 3 PO 4 ; aliquots were then combined with the desired volume of 1 M NaCl (if needed) and diluted to a final concentration of 10 mM phosphate and 20, 50, 100 or 500 mM Na + . Potassium buffers were prepared in a similar fashion using K 2 HPO 4 , H 3 PO 4 and KCl. Magnesium buffers were prepared using the 100 mM sodium buffer and MgCl 2 , resulting in a final concentration of 20 mM Na + and either 5, 15 or 50 mM Mg 2+ . Duplex concentration was 2 mM (4mM total strand concentration).
Plotting T m against the logarithm of ion concentration gave generally linear correlations in this range (Supplementary Figure S3 , slopes are given in Supplementary  Table S1 ). Using higher concentrations gave clear deviations from linearity; we tested up to 1 M Na + and 150 mM Mg 2+ but the data were not reliable in this range. The number of cations released upon duplex melting can then be obtained, as done previously (15) , from Equation (1):
where dT m /d(ln [ion] ) represents the slope of a plot of T m versus the natural logarithm of cation concentration, R is the ideal gas constant and 1.11 is a proportionality constant for converting between ionic activity and concentration. Enthalpy values were derived from the plot of 1/T m versus ln(duplex concentration) discussed above (14) . Errors inherent in the ion uptake measurements were based on the method of Rozners and Moulder (16) . Thus, the standard deviations of the T m values for the extreme points on the T m versus ln[ion] graph were used to calculate alternative minimum and maximum slopes dT m /d(ln [ion] ). Propagating the standard deviation in the slope through the subsequent calculations gave the uncertainty in the number of ions released upon melting.
NMR experiments
Samples of the three hybrid duplexes were suspended in 500 ml of either D 2 (19) . The spectral analysis program Sparky (20) was used for semiautomatic assignment of the NOESY cross-peaks and quantitative evaluation of the NOE intensities.
NMR constraints
Quantitative distance constraints were obtained from NOESY experiments by using a complete relaxation matrix analysis with the program MARDIGRAS (21) . Error bounds in the interprotonic distances were estimated by carrying out several MARDIGRAS calculations with different initial models, mixing times and correlation times. Standard A-and B-form duplexes were used as initial models, and three correlation times (1.0, 2.0 and 4.0 ns) were employed, assuming an isotropic motion for the molecule. Experimental intensities were recorded at three different mixing times (50, 150 and 250 ms) for non-exchangeable protons. Final constraints were obtained by averaging the upper and lower distance bounds in all the MARDIGRAS runs. Qualitative limits of 1.8 and 5 Å were set in those distances where no quantitative analysis could be carried out, such as overlapping cross-peaks or those with a very weak intensity. 19 F-1 H distance constraints were extracted from a qualitative analysis of HOESY experiments. In addition to these experimentally derived constraints, Watson-Crick hydrogen bond restraints were used. Target values for distances and angles related to hydrogen bonds were set as described from crystallographic data. No backbone angle constraints were employed. Distance constraints with their corresponding error bounds were incorporated into the AMBER potential energy by defining a flat-well potential term.
1 H-1 H J-coupling constants could not be accurately measured due to the relatively high linewidths of the sugar proton signals. However, sums of J-coupling constants were roughly estimated from DQF-COSY cross-peaks. Loose values were set for the sugar dihedral angles d, n 1 and n 2 to constrain ribose conformation of the RNA strand to the North domain, and the arabinose conformation to the East or South domain.
Structure determination from NMR restraints
Structures were calculated with the SANDER module of the molecular dynamics package AMBER 7.0 (22) . Starting models of the hybrid duplexes were built in the A-and B-canonical structures using SYBYL. These structures were taken as starting points for the AMBER refinement, which started with an annealing protocol in vacuo (using hexahydrated Na + counterions placed near the phosphates to neutralize the system). The temperature and the relative weights of the experimental constraints were varied during the simulations according to our standard annealing protocols (23) .
The resulting structures from in vacuo calculations were refined including explicit solvent, periodic boundary conditions and the Particle-Mesh-Ewald method to evaluate long-range electrostatic interactions (24) . Thus, the structures obtained in the previous step were placed in the center of a water-box with around 4000 water molecules and 16 sodium counterions to obtain electroneutral systems. We used the parmbsc0 (25) revision of the parm99 force field (26, 27) including suitable parameters for the arabino and 2 0 F-arabino derivatives extracted from our previous work (5). The TIP3P model was used to describe water molecules (28) . The protocol for the constrained molecular dynamics refinement in solution consisted of an equilibration period of 160 ps using a standard equilibration process (29), followed by 10 independent 500 ps runs. Averaged structures were obtained by averaging the last 250 ps of individual trajectories and further relaxation of the structure.
In order to complement information derived from NMR data and, in particular, to get more insight in the effect of water on the structure and stability of the hybrids, longer molecular dynamics simulations were performed both with and without NMR restraints. For reasons of computational efficiency these calculations were performed with the Gromacs-4 software (30) using the same force field described above. In the first case trajectories extended for 4 ns, while in the second were extended for 35 ns (after the 2 ns equilibration). The SETTLE algorithm (31) was used to constrain bond lengths and angles of water molecules, and P-LINCS (32) was used for all other bond lengths. The temperature of the simulation was kept constant at 300 K by the use of the canonical ensemble-preserving thermostat proposed by Bussi et al. (33) , using separate coupling groups for the nucleic acid and for the ions-solvent. The pressure of the systems was kept constant by weak isotropic coupling to a pressure bath of 1 atm (34) . As in AMBER simulations, periodic boundary conditions and Particle-Mesh-Ewald were used.
Analysis of the representative structures as well as the MD trajectories was carried out with the programs CURVES V5.1 (35) , MOLMOL (36) , the analysis tools of AMBER and GROMACS, and other 'in house' programs.
Free energy calculations
Free energy calculations were carried out by using a standard thermodynamic cycle, where the initial systems (for ANA and 2 0 F-ANA) were neutralized, solvated, optimized, thermalized and pre-equilibrated using a standard protocol (29) , followed by an extensive 2 ns re-equilibration. Mutations were performed both in the arabino!2 0 F-arabino and 2 0 F-arabino!arabino directions following the thermodynamic integration algorithm (TI) as implemented in Gromacs-4 (30), using 21 windows of 2 ns (0.5 ns equilibration and 1.5 ns for collection). For each window we collected two independent estimates of ÁG/Á by using two blocks of 750 ps, which were then integrated through the entire mutation pathway to obtain mutation free energies (with associated errors).
Rough estimates of the changes in intra-duplex stability related to the ANA!2 0 F-ANA change were estimated by computing the change in the electrostatic and van der Waals interaction energies between -OH and -F groups with the rest of the oligo in the single-stranded and duplex forms. The change in solvation free energy due to the -OH ! -F change was determined from discrete linear response calculations (37) in single strand and duplex. The global estimate of -F and -OH relative stability was determined by adding the intramolecular and solvation terms. This type of simple analysis is less accurate than MD/TI free energy values computed as above, but provides qualitatively useful information on the nature of the stabilizing/destabilizing effect of the ANA!2 0 F-ANA change. All calculations were performed using the Mare Nostrum Supercomputer at the Barcelona Supercomputing Center and on local computers in our laboratories.
RESULTS
Duplex formation and thermodynamics
Duplex formation and melting was monitored by UV and NMR spectroscopy. Besides the three hybrid duplexes used for NMR structural studies ( Figure 1B ), isosequential RNARNA (RR) and DNADNA (DD) controls were included in the UV melting experiments.
T m values are shown in Table 1 , and sample T m curves for all five duplexes are shown in Figure 2 . The 2 0 F-ANARNA (FR) duplex had the highest thermal stability of the five (T m = 51.2 C) while the ANARNA (AR) duplex was the least stable (T m = 32.4 C). Thermodynamic parameters for duplex dissociation were derived from UV-monitored melting curves and are shown in Table 1 . Values of enthalpy were calculated using two independent methods: van't Hoff analysis of the melting curves, and a plot of the concentration dependence of the T m . Both methods gave results for ÁH that agreed within experimental error, and both are listed in Table 1 . The free energy of binding (ÁG) was also calculated and is given in Table 1 . The free energy of binding for FR was 10.7 kcal/mol greater (i.e. more favorable) than that of AR.
NMR spectra are also consistent with duplex formation in all cases. Melting temperature experiments carried out on the NMR samples (by observing signals from imino protons upon increasing temperature) confirmed that the FR duplex is much more stable than DR or AR under the conditions used for NMR experiments (Supplementary Figure S4) . The imino regions of the NOESY spectra are similar in the three duplexes, and their NOE cross-peak patterns are typical of Watson-Crick base pairs (Supplementary Figure S5) .
NMR assignment
Sequential assignments of exchangeable and nonexchangeable proton resonances were conducted following standard methods for right-handed, double-stranded nucleic acids using DQF-COSY, TOCSY and 2D NOESY spectra. The assignment pathways could be followed in the base-H1 0 ( Supplementary Figures S6 and S7) , and in the base-H2 0 or base-H2 00 regions. Assignment of 2 0 F-ANA and ANA strands was more complicated than the control duplex because of the low spectral dispersion of the arabinose proton resonances. In spite of this, complete assignments could be carried out with the exception of H5 0 /H5 00 protons. Exchangeable protons were assigned with the NOESY spectra recorded in H 2 O (Supplementary Figure S5) . Most of the labile protons were assigned following standard methods, except some amino resonances of the terminal guanines that were not detected. The cross-peak patterns observed for the exchangeable protons indicate that all bases are forming Watson-Crick pairs throughout the duplex (Supplementary Figure S5) 19 F-thymine methyl cross-peaks, were observed in the HOESY spectrum (Figure 3) .
Full assignments are given in Supplementary Tables S2 (FR) and S3 (AR).
Experimental constraints and structure calculations
Quantitative distance constraints were obtained from NOESY experiments by using a complete relaxation matrix analysis with the program MARDIGRAS. The total number of experimental distance constraints was around 200 (summarized in Supplementary Table 4) . Only structurally relevant distance constraints were included. Intra-residual constraints involving protons of the same sugar are not included, with the exception of H1 0 -H4 0 and H2 00 -H4 0 . Considering these constraints, the average number per base pair is around 20. In addition, a total of 21 19 F -1 H distance constraints were obtained from heteronuclear dipolar correlation experiments. Sequential HOE cross-peaks were particularly intense for the thymine-adenine and thymine-guanine steps (Figure 3) .
Some structural information can be readily determined from these distances. For example, intra-residual and sequential H1
0 -base and H2 0 -base NOEs in the RNA strand are consistent with a standard A-form duplex. However, many of the inter-proton distances in the 2 0 F-ANA and ANA strands are not consistent with a C. Duplexes were 20 mM in phosphate buffer (140 mM KCl, 5 mM Na 2 HPO 4 , 1 mM MgCl 2 , pH 7.2) Data derived from UV melting experiments such as these are given in Table 1 . Starting values of A 260 were 0.89 ± 0.04. 0 coupling constants ($8-10 Hz) point towards a higher population of East conformation for these sugars. According to this information, torsion angle constraints were set for the dihedral angles of the sugars. The riboses of the RNA strand were constrained to a North conformation. In the 2 0 F-ANA and ANA strands, sugar dihedrals were constrained to avoid North conformations and allow the East and South regions. Backbone dihedral angles were not constrained since the 31 P-1 H correlation spectra were not of high enough quality to estimate coupling constants. No scalar coupling was detected between fluorine atoms and H6/H8 protons.
All the distance and torsion angle constraints were used to calculate the structure of both hybrid duplexes by restrained molecular dynamics as described in the 'Materials and Methods' section. The 10 final structures of both hybrids resulting from restrained molecular dynamics calculation including the solvent explicitly are displayed in Figure 4 . As can be seen in this figure (and also in Supplementary Table S4), the two duplexes are well defined, with an RMSD of 0.7 Å (excluding the terminal residues). RMSD values are in the same range for the FR and AR duplexes. The final AMBER energies and NOE terms are reasonably low in all the structures, with no distance constraint violation greater than 0.4 Å .
Relaxation data
Proton spin-lattice relaxation times (T1) and spin-spin relaxation times (T2) were measured with 1D NMR techniques. T1 was determined for isolated base protons with the inversion-recovery method, and T2 was estimated by spin-echo experiments. The T1 and T2 relaxation times are listed in Supplementary Table S5 . There is not a large difference between spin-lattice relaxation times between protons in the RNA and in the 2 0 F-ANA or ANA strand. This result suggests that 2 0 F-ANA, ANA and RNA strands have similar dynamics. In contrast, significant differences are observed between protons in the two strands of DR (38). Such a difference seems to be a general feature of DNARNA hybrids; it is partly due to the presence of the H2 00 proton and partly to the enhanced flexibility of the DNA strand.
Description of the structures
The overall shapes of FR and AR hybrids are intermediate between canonical A-form and B-form duplexes, but are closer to the A-form, as found for DR hybrids. The RMSD between the average structure of FR and AR hybrids and canonical A-and B-form duplexes are around 2.5 and 3.5 Å , respectively. RMSDs comparing the average structure of the FR, AR and DR duplexes are shown in Supplementary Table S6 . The RMSD between the FR and AR average structures is 1.5 Å for heavy atoms in the non-terminal residues. The deviation with the average structure of the control duplex is in the same range (1.8 Å ).
The geometry of the RNA strand is very similar in the three hybrids, with most of the riboses in the C3 0 -endo conformation and glycosidic angles around À160
(the only exception is U14). Thus the RNA strand in hybrids is quite rigid and conformationally similar to the RNA homoduplex. In the FR and AR hybrids, pseudorotation phase angles of arabinoses and 2 0 F-arabinoses are between 100 and 150 , in the southeast, and the glycosidic torsion angles range from À100 to À140
. These values tend to be higher than the corresponding ones for the deoxyriboses in the control duplex DR. This reflects an average between northern and southern conformations for DR, whereas for FR and AR the average occurs between eastern and southern puckers. Complete tables of geometrical parameters are shown in Supplementary  Tables S7-S8. The minor groove width in all three hybrids is intermediate between those of standard A-form and B-form helices ( Figure 5 ). Of the three hybrids, however, AR features the narrowest minor groove width ( Figure 5 ). This is consistent with a more B-like conformation for the AR hybrid.
Helical parameters are relatively dispersed and reflect that the hybrid structures are intermediate between Aand B-form. Whereas rise values are around 3.1 Å , typical of B-form helices, twist angles are around 32 , which is characteristic of A-form helices. Significant roll values are observed in all pyrimidine-purine steps in the FR duplex, probably related to the presence of FH pseudohydrogen bonds (see below). A summary of important helical parameters is shown in Supplementary Tables S9 and S10. Other biophysical experiments were carried out to confirm whether the modified duplexes could release water molecules to different degrees upon melting. The results of osmotic stressing experiments (15, 40) and melting curves in the presence of D 2 O (41) are described in the Supplementary Data. These experiments did not give useful data on our system (for example, different results were obtained with different osmolytes). Since evidence from our computational work and NMR experiments indicated that hydration was relatively unimportant, we did not pursue these methods further.
Ion uptake studies by thermal melting
The ordered water structure around nucleic acids also contains ordered cations which can have a significant effect on duplex structure (42, 43) . Using T m studies at various ionic strengths, several groups have examined the ion dependence of duplex melting (15, 40) . Because the 2 0 -substituents of arabinonucleic acids point into the major groove, specific ion interactions in the major groove could easily be different between ANA and 2 0 F-ANA. Melting of the three hybrid duplexes, along with A-form RNA (RR) and B-form DNA (DD) controls, was studied under a variety of buffer conditions. Keeping the concentrations of duplex and other buffer components constant, the concentrations of Na + , K + and Mg 2+ were varied one at a time from 20 to 500 mM (Na + and K + ) or from 5 to 50 mM (Mg 2+ ). As expected, increasing the concentration of any of the salts led to large increases in T m values, however the magnitude of the increase varied significantly from duplex to duplex. The dependence of T m values on ion concentrations is shown in Supplementary Figure S3 .
The slopes of these ion-dependence graphs were used to calculate the number of cations released upon melting of the various duplexes (Table 2 ; details of calculations given in Materials and Methods section). These numbers provide a picture of the relative importance of ion uptake (and release) by the modified duplexes.
Changes in the uptake of the monovalent cations were relatively small between the various modified duplexes, but some meaningful differences were observed. The pure A-form duplex RR had the highest ion uptake upon duplex formation, while duplex AR had the lowest. DR and FR hybrids, along with the B-form DNA duplex DD, had an intermediate level of ion uptake. Much larger differences were observed for AR in its Mg 2+ uptake, which was about half that of the other duplexes, which all showed comparable levels of Mg 2+ uptake. This suggests that ANARNA duplexes may have a much smaller affinity for divalent cations, and to some extent for counterions in general.
Theoretical calculation of binding free energies and associated energy terms
The relative free energy of binding of the arabinonucleic acid derivatives towards a RNA substrate (ÁÁG bind ) was determined by using a standard thermodynamic cycle ( Figure 6 ). In this computational technique, differences in the free energies of the vertical processes (duplex formation) are derived from analysis of the reversible work associated with the horizontal processes, which correspond to the interconversion of arabino and 2 0 F-arabino derivatives in an isolated single strand or hybrid duplex. All mutations were smooth, without apparent discontinuities that could signal the existence of hysteresis Figure 8) . Replacing all 2 0 -OH groups of ANA with fluorine (2 0 F-ANA) in a 12-nt sequence leads to a free energy difference of À16.2 ± 0.6 kcal/mol favoring the stability of 2 0 F-ANA over ANA (see 'Materials and Methods' section). This corresponds to a free energy difference per nucleotide of À1.3 ± 0.6 kcal/mol (see Table 3 ), in good agreement with the experimental difference of around À1.1 kcal/mol (derived from numbers in Table 1 ). Very interestingly, almost the same value per sugar (À1.2 ± 0.5 kcal/mol; see Table 3 ) is found when the simulation is repeated for a 5-nt sequence, which suggests that the stabilization free energy induced by the arabino!2 0 F-arabino mutation runs parallel with the length of the oligo. The agreement with experimental results support the validity of these theoretical calculations and demonstrates that the larger stability of 2 0 F-ANA-modified hybrids can be fully rationalized under the ideal conditions considered by our calculations: low duplex concentrations and low ionic strengths.
MD/TI calculations are very powerful to predict changes in stability due to small chemical modifications, but the global character of a free energy difference precludes a straightforward decomposition scheme (44) (45) (46) and so the origin of the stabilization produced by the change from arabinose to 2 0 F-arabinose is not obvious. Encouraged that the stability difference was computationally reproducible, we performed a systematic computational study on the ANARNA and 2 0 F-ANARNA duplexes as well as the single-stranded ANA and 2 0 F-ANA oligos and examined several possible reasons for the higher stability of 2 0 F-ANARNA duplexes. Analysis of the equilibrium samplings did not reveal any significant structural change that could justify the greater stability of the 2 0 F-ANA derivative, in agreement with the high-resolution NMR data (see above). In general the 2 0 F-ANA hybrids appear more rigid than the ANA ones (Supplementary Figure S9) , as is usually found in more stable structures, but the differences are small as suggested by NMR experiments. Analysis of the impact of the arabino!2 0 F-arabino change in sugar puckering also failed to detect any dramatic conformational difference between the two molecules which could explain the difference in stability (5) .
The analysis of global hydration reveals that the arabinose 2 0 OH is well solvated in both the single strand and duplex. In addition, the solvation free energy (in the duplex versus single strand) is slightly better for ANA than for 2 0 F-ANA (Table 4) arguing that hydration cannot explain the increased stability of 2 0 F-ANAcontaining hybrids.
Detailed energy calculation of the internal hybrid duplex interaction energy (i.e. intra-duplex energy) shows that the major reason for the increased stability of FR over AR is contained within the intra-duplex interaction energy, which is favorable for 2 0 F-ANA (better in the duplex than in the single strand) but unfavorable for ANA (Table 4) . A detailed analysis reveals that a pseudohydrogen bond between 2 0 -F and purine C8-H contributes substantially to the stabilization of the FR duplex (around 2 kcal/mol), while bad steric contributions (differential van der Waals energy + 0.5 kcal/mol) and the lack of favorable electrostatic contacts are responsible for the Figure 6 . Details of the thermodynamic cycle in MD/TI free energy calculations. 
Free energy differences of the ANA!2 0 F-ANA mutation in a 12-mer and 5-mer. Values were computed for both duplex and single strand forms (12-mer) or single strand form only (5-mer) and subtracted to obtain ÁÁG. All values are in kcal/mol. unfavorable intra-duplex binding energy of the AR derivative (Table 4) .
DISCUSSION
Structural differences
Despite the general similarity between DR, AR and FR hybrids, subtle structural differences can be observed between the modified strands. Thus, while sugars in the DNA strand of a DR hybrid are in a dynamic equilibrium between north and south (or A and B-form) conformations, sugars in both ANA and 2 0 F-ANA strands are more rigid and sampled only the South and East regions. 2 0 F-ANA sugars appear slightly more displaced towards the East region, while the sugars of the ANA strand are closer to the canonical B-form (South) region. Excluding terminal residues, the average pseudorotational phase angle is 125 for the 2 0 F-ANA strand and 133 for the ANA strand. Particularly significant are the differences at nucleotides T5, A6 and T8, for which the ANA strand has a greater pseudorotational phase angle by ( Supplementary Tables S7 and S8 ). Consistent with this increase in B-form character for the ANA strand, the minor groove width of AR is smaller than that of FR or DR. A third line of evidence for the greater B-form character of the ANA strand is found in the strong sequential H2 00 -H6/8 NOEs observed in that strand. Our data are consistent with early expectations that ANA nucleotides are unlikely to adopt the A-conformation (47) .
Since the RNA strand is maintained in a Northern conformation, a strand with a rigid Southern conformation is not easily tolerated, which might help justify the lower affinity of ANA to form hybrids with RNA. These subtle structural differences were not observed in the hairpin system (1,2), but a study on single inserts in A-and B-form DNA duplexes concluded that ANA was restricted to the southeast pucker range, while 2 0 F-ANA could adopt a much broader range of conformations including North-Eastern conformations (12) . Our findings are also consistent with previous evidence from circular dichroism, which showed that the short wavelength ($210 nm) negative band associated with the A-form helical structure is slightly reduced in 2 0 F-ANARNA hybrids and further reduced in ANARNA hybrids (8) .
Pseudohydrogen bonding and 2 0 X-nucleobase interactions
The second clear difference that emerges between the 2 0 F-ANA-and ANA-based hybrids is a bad steric interaction involving the b-2 0 -OH group in AR which contrasts with a favorable 2 0 F-H8(purine) pseudohydrogen bond in the case of FR. Evidence for this comes directly from HOESY NMR spectra, MD/TI interaction energies and complementary energy analysis, as well as the fact that the duplex geometry appears to be adjusted to optimize 2 0 F-H8 interactions ( Figure 7 , also see Supplementary  Table S11 for a listing of all intra and interresidual 2 0 F-H6/H8 distances).
Structural results reported here strongly suggest that optimal 2 0 F-H8 pseudohydrogen bonding is achieved at pyrimidine-purine steps, where the base-stacking geometry can adjust to optimize the interaction without incurring a steric penalty (Figure 7 and Supplementary  Table S11 ). In purine-only 2 0 F-ANA sequences, this optimization may be harder to achieve, causing either reduced pseudohydrogen bonding or other structural problems, and ultimately leading to less stabilization as predicted (48) . All these findings agree with the experimental observations (8, 49 ) that the highest increases in binding affinity upon replacement of a DNA strand by 2 0 F-ANA tend to occur for mixed base sequences.
The existence of pseudohydrogen bonds involving 2 0 F-ANA is consistent with previous experimental data. For example, single 2 0 F-ANA residues in a DNA helix showed short inter-residue 2 0 F-C8 distances (<3 0 -) in an A-form helical environment (12) . Interestingly, this was also for a TA step (5 0 -2 0 F-araT-dA-3 0 .) If these interactions were stabilizing, it would help explain the significant distortion observed in the local helical environment around the residues (12). Short 2 0 F-C6(pyrimidine) distances have also been observed in the crystal structure of a 2 0 F-ANA-modified B-form DNA sequence (2 0 F-C8 < 2.8 0 -) (48) . Both inter-and intraresidual 2 0 F-H8/ H6 distances are relatively short in our structure. However the geometry is more favorable for the interresidual 2 0 F-H8 in pyrimidine-purine steps, in which the C8-H8-F angle is higher than 145
. The NMR spectra of many 2 0 F-arabinonucleosides and oligonucleotides have often shown intraresidual 2 0 F-H8/H6 scalar coupling of 1-3 Hz (1, 8, 50, 51) . Empirical and theoretical data suggest that this is due to a 'through-space' electronic interaction (52, 53) , consistent with the pseudohydrogen bonding we propose. While still controversial, there is mounting evidence from crystal structures and binding affinities that fluorine-mediated pseudohydrogen bonding can be important in base pairing as well (54) (55) (56) .
In contrast to the 2 0 F-ANA situation, 2 0 -OH-H8(purine) interactions in AR are destabilizing by about 0.5 kcal/mol due to bad van der Waals contacts that are not compensated by favourable electrostatic contacts. This quite surprising difference in the behaviour of OH and F is justified by structural data which shows how the neighbouring phosphates impose conformational constraints to the 2 0 OH groups, preventing them from adopting a more favourable orientation for interacting with H8 or other acidic groups in their vicinities. Support for our claims on the importance of OH-mediated steric repulsion in ANA hybrids can be found in previous studies that found that a single ANA insert in a B-form DNA duplex showed steric hindrance between the 2 0 -OH and the Me5 and C6 groups of the neighboring thymine, and an associated computational study predicted that these steric effects would be more severe in the A-form (47) . Thus while the concepts of 2 0 F-H8 mediated stabilization and 2
0 OH-C/H8 mediated destabilization are not totally unprecedented, we were surprised to find such strong evidence that they operate in the same sequence.
The preference for pseudohydrogen bonding at pyrimidine-purine steps can be confirmed by thermal stability studies of sequences containing identical nucleotide compositions and modifications but varying numbers of pyrimidine-purine steps. Indeed, preliminary results from our lab show a much higher degree of stabilization upon 2 0 F-ANA modification of an 11-mer sequence containing four TA steps than a sequence of identical base composition but without any TA steps (M. Yayahee, unpublished).
Flexibility and preorganization
Preorganization of oligonucleotide analogues into appropriate conformations leads to higher binding affinity, presumably by reducing the entropic penalty of duplex formation. Thus we chose to include an exploration of flexibility and preorganization in our study, through examining NMR relaxation data and molecular dynamics.
NMR-derived proton relaxation data indicates that the FR and AR duplexes have similar dynamics, which is supported by unrestricted MD simulations. Both ANA and 2 0 F-ANA strands have dynamics quite similar to the RNA strand, in contrast with the DR duplex in which the DNA strand is much more mobile (13, 38) .
The duplex rigidity of FR and AR appears to be similar; while AR is slightly more flexible by unrestricted MD simulations, this factor is probably not a major contributor to the stability difference. However, the ANA and 2 0 F-ANA strands might display a different preorganization for hybrid formation. Our studies suggest that the 2 0 F-H8 pseudohydrogen bond mentioned above in the case of 2 0 F-ANA would tend to preorganize the bases into the anti conformation, lowering the entropic penalty of duplex formation. In contrast, the unfavorable 2 0 -OHbase interactions in the case of ANA would tend to disfavor the glycosidic angles most suitable for duplex formation and thus increase the entropic penalty of duplex formation. Thus, besides stabilizing/destabilizing the duplexes once formed, the 2 0 -substituent-base interactions may contribute directly to the ease of duplex formation (Table 1 and Figure 7) .
Hydration
Hydration plays a determining role in many of the properties of nucleic acids, including duplex stability (57, 58) . It has long been suspected that 2 0 F-ANA and ANA might differ in their hydration, contributing to their different binding affinities. Berger et al. observed an ordered water structure around the 2 0 -fluorines of FMAU residues incorporated into the Dickerson-Drew dodecamer. However, the Fwater contacts in this crystal structure were relatively long and argued against strongly stabilizing hydrogen bonds to fluorine (48) . More recently, Li et al. (12) observed that the groove regions around 2 0 F-ANA residues incorporated into DNA oligomers were dry, in contrast with ANA residues which were heavily hydrated.
By bringing together empirical and computational data, we conclude that hydration plays very little role in explaining the different thermal stabilities of 2 0 F-ANAand ANA-based hybrids. The fluorine atoms of FR are not well hydrated as measured by comparisons of 19 F NMR chemical shifts in D 2 O and H 2 O, while the 2 0 -OH of ANA remains relatively well hydrated in the AR duplex. However, the level of hydration in the duplex is not too different from that in the single strand, and accordingly the solvation free energies associated with hybrid formation are similar for the two hybrids.
The fact that hydration has little effect on the stability of these hybrids may help explain the contradictory results obtained in osmotic stressing and related experiments, since small changes in stability due to hydration can be masked by other effects, such as interactions with the osmolyte.
Ion uptake
As discussed above, melting studies in the presence of varying ion concentrations showed that the AR duplex had the lowest uptake of both monovalent and divalent counterions (Table 2 and Supplementary Figure S3) . This would certainly be related to its lower stability, since counterion uptake compensates for the unfavorable increase in charge density associated with duplex formation. Thus, another difference between AR and FR is in their ion uptake: the latter appears to have a significantly higher number of counterions (especially magnesium) associated with the duplex relative to the single strands. Interestingly, however, DR and FR are very similar in their ion uptake behavior. Thus we might hypothesize that favorable ion uptake provides extra stability for FR over AR, especially in environments containing divalent cations, while the stability difference between FR and DR is achieved by other factors-mostly the increased rigidity of 2 0 F-ANA relative to DNA, preorganization of the single strands, and 2 0 -F-H8 pseudohydrogen bonding.
Conclusions
Several factors play a contributing role in the striking stability difference of DNA, ANA and 2 0 F-ANA-containing hybrid duplexes. The most significant differences appear to be on the level of structure, steric contacts and pseudohydrogen bonding.
Both ANA and 2 0 F-ANA-containing hybrids are structurally similar to DNARNA hybrid duplexes. The ANA strand is limited to more southern conformations, while the 2 0 F-ANA strand is somewhat closer to the east, a conformation which is more compatible with the fixed northern conformation of the RNA strand. This is reflected, among other features, in a narrower minor groove width for the ANARNA hybrid duplexes.
Interactions between the 2 0 -substituent and the nucleobase are crucial in determining the different stabilities of FR and AR. For FR, several independent pieces of evidence, both computational and empirical, point to a favorable 2 0 F-H8(purine) pseudohydrogen bond. On the other hand, the 2 0 -base interactions in the case of ANA destabilize the duplex due to unfavorable steric contacts.
Based on our structures and calculations, solvation is not expected to play a key role in explaining the differential stability of FR and AR. The FR duplex does feature a higher uptake of counterions, especially divalent counterions, than does AR, and this is expected to contribute to its greater stability in environments containing divalent cations.
Both ANA and 2 0 F-ANA-based hybrids are more rigid than their DNA-containing counterparts. In principle this should benefit them both on an entropic level, but in practice any benefit conferred upon ANA is overwhelmed by the unfavorable structural characteristics discussed above.
Furthermore, interactions between the 2 0 -substituent and the base may help preorganize the single strand into an appropriate conformation for duplex formation in the case of 2 0 F-ANA, while disfavoring that conformation in the case of ANA.
The dramatic stability difference between these two very similar hybrids is therefore caused by the cumulative influence of multiple effects. Indeed, thermal stability can often be a surprisingly complex property (59) (60) (61) (62) . While it is difficult to rationally design an oligonucleotide analogue to optimize so many factors at once, keeping these factors in mind can be informative as new analogues are developed. This study also beautifully illustrates the surprising effect of small changes-by mutating the 2 0 -substituent of ANA from -OH to -F, interactions with the nucleobases not only stopped being destabilizing, but started making a significant contribution to duplex stability.
Coordinates
Atomic coordinates have been deposited in the Protein Data Bank (accession numbers 2KP3 and 2KP4). The complete assignment list has been deposited at the BMRB.
